A new full Earth's field dynamic feedback fluxgate magnetometer is described. It is based entirely on digital signal processing and digital feedback control, thereby replacing the classical second harmonic tuned analogue electronics by processor algorithms. Discrete mathematical cross-correlation routines and substantial oversampling reduce the noise to 71 pT root-mean-square in a 0.25-10 Hz bandwidth for a full Earth's field range instrument.
Introduction
In fluxgate magnetometry the amorphous metal ring core sensors developed at the Department of Electrophysics (Nielsen et al 1995) and other high-performance sensors based on crystalline milled materials are now believed to be so stable and low noise, that in full Earth's field magnetometers the analogue electronics rather than the sensor will limit the overall performance parameters.
The analogue fluxgate magnetometer traditionally uses the filtered signal at the second harmonic of the sensor core excitation frequency. It is synchronously detected, low-pass filtered and used to control the feedback current flowing in the field compensation coil. The feedback current, or a voltage proportional to this current, is then digitized as a measure of the external magnetic field along the sensor magnetic axis. For a detailed description of the fluxgate mechanism the reader is referred to the review by Primdahl (1979) .
All the even harmonic frequencies in the sensor output signal contain information about the magnetic field, and Primdahl et al (1989b) demonstrated the use of the broad band sensor output signal rather than just the second harmonic, thereby eliminating the need for narrow band filtering. This substantially simplified the analogue part of the electronics circuits and paved the way for introducing a digital signal processor (DSP) in the signal handling path. The broad band performance of the sensors came into focus, and a re-examination of the fluxgate was undertaken (Primdahl et al 1989a , 1991 , Petersen et al 1992 .
Replacing the analogue signal processing by mathematical algorithms in a modern high-speed DSP offers the possibility of substantially enhancing the signal handling performance over that of the corresponding analogue circuits, and it opens the way for previously unseen flexibility in the operational modes of the instrumentation. The feasibility of digitizing the short circuited fluxgate sensor output current immediately after the input current-to-voltage amplifier and subsequently obtaining a magnetic field dependent parameter, well suited for field balancing and measurement, was first demonstrated at the Department of Electrophysics as reported by Primdahl et al (1994) .
The Max-Planck-Institut für Extraterrestrische Physik, Berlin (Auster et al 1995) built the first real-time operating FPGA-based feedback magnetometer, aiming at a planetary mission and performing favourably against their MARS-94 and Equator-S analogue magnetometers.
The single-axis digital magnetometer described here is a full Earth's field instrument with effectively 20 bits significant output in the 10 Hz bandwidth, developed and tested around a PC processor board with an Analog Devices ADSP21020 CPU.
For applications on board satellites, and once a DSP is included in the circuits, then software can be made to control a number of features, which previously could only be part of the instrument at the expense of added circuit complexity-if at all.
Reproducible nonlinearities and temperature changes may be in-circuit compensated for.
The instrument autonomy may include self calibration and offset adjustment, and it may be expanded to include failure diagnostics and error mode recovery.
The first experiments with this circuit indicate that the overall power consumption is comparable to that of the corresponding analogue circuits, which for the Ørsted instrument is below 2 W. However, the trend in DSP development goes towards lower power and higher speed, so that a power reduction will probably result in the future.
The remainder of this paper first describes the analogue circuitry needed to drive the fluxgate sensor, and to condition the interfaces to the DSP. Next, the DSP board is briefly described, and the mathematical routines for signal detection and feedback control are discussed. Experimental performance parameters such as noise and frequency response are given, and finally, the overall properties of this new magnetometer is discussed.
Analogue circuitry
The ring-core fluxgate sensor has the same geometry and uses the same type of stress annealed amorphous magnetic metal alloy as the cores for the Danish Ørsted satellite magnetometer described by Nielsen et al (1995) . The ring-core has 11 wraps of amorphous ribbon in a Macor bobbin supporting about 200 turns of excitation coil. The secondary pickup coil has two sections of 295 turns each, as shown in figure 10(a) of Nielsen et al (1995) .
The excitation driver circuit (figure 1) is similar to the tank circuit of Acuña (1974) . The symmetric 2.1875 kHz excitation square waves are controlled by the DSP board, and the power switches drive the step-up transformer followed by the symmetric 4 mH series inductors, which convert the constant voltage output of the transformer into a constant current drive of the tuned tank circuit formed The coil maintains the enclosed flux ext , so that a current impulse proportional to the external field is generated every time the core is saturated and looses its permeability (Primdahl et al 1989b) .
by C T (9 µF) and the excitation winding. C 0 is a large DC blocking capacitor. The excitation current flowing in the nonlinear ring-core inductor is shown in figure 2. Short current impulses of 890 mA p−p saturate the core deeply at a very modest average power consumption level.
The input circuit for adapting the sensor secondary output signal to the needs of the input analogue-to-digital converter (ADC) is shown in figure 3 . The sensor output coil is short circuited via the capacitor C input (3 µF) to the inverting input of the operational amplifier, and the short circuit current continues to flow through the feedback resistor, which determines the current-to-voltage conversion of the sensor current. The operational amplifier is a current feedback circuit (AD846) which is inherently stable in this configuration as opposed to the voltage feedback types. This broad band input stage eliminates the need for further analogue signal conditioning, and the short circuit output mode of the fluxgate sensor has other advantages as discussed by Primdahl et al (1989b) . The feedback resistor R back (39 k ) is chosen to give the amplified sensor null feedthrough signal an output range of less than the ±3.0 V p−p input of the ADC.
About one excitation period of the output signal is Figure 4 . The fluxgate sensor short-circuit output current. The two lower traces show the actual output current waveforms with the sensor exposed to ±50 000 µT along the sensor axis. The top trace shows the difference between the two lower traces, and it represents the pure B field generated signal corresponding to 100 000 µT.
shown in the two lower traces of figure 4 (the excitation frequency here is 6.25 kHz at variance with that of figure 2, and the input stage gain is reduced compared to that of figure 3 in order to accomodate the larger signal). The two lower traces are recorded with the Earth's field (about 50 000 nT) along and antiparallel to the sensor axis, and the difference signal corresponding to an effective B field of 100 000 nT is shown at the top. The top trace represents the shape of the pure B field generated signal, and the bottom traces show the combined B field and feedthrough signal from the sensor. The combined gain of the input path in figure 5 from a DC or slowly varying B field parallel to the sensor axis and to bits out of the DSP ADC is approximately 0.1 nT per bit peak-to-peak amplitude of the signal. Nulling of the field along the sensor is accomplished by a separate feedback coil placed coaxially around the fluxgate sensor secondary coil, as indicated in figure 5 . The 16-bit digital-to-analogue converter (DAC) on the DSP board controls the feedback current via the resistor R f eedback . The DAC output range is ±3.0 V, and it has sufficient current driving capability to generate ±50 000 nT via the 1.49 k combined feedback and coil copper resistance. The feedback coil has a constant of 27 mT A −1 with 50 000 nT corresponding to a current of 1.85 mA. The DAC 16-bit converter update rate may be as high as 500 kHz. It is, however, controlled by the DSP to give one update per excitation period equalling about 457 µs. This constitutes a considerable oversampling compared to the final 10 Hz bandwidth of the magnetometer, and it accounts for the more than 16-bit resolution of the instrument. The resolution of the 16-bit DAC settings corresponds to about 1.66 nT bit −1 .
Digital signal processor board
The DSP PC board (PC/21K-040) is based on the Analog Devices ADSP21020 processor, procured from Loughborough Sound Images, UK.
The complete single-axis magnetometer layout is shown in figure 5 with the ±3.0 V 16-bit input ADC, the output 16-bit ±3.0 V DAC, and the driver lines for the excitation circuit. The magnetometer output consists of the 16 bits to the DAC updated at 2.1875 kHz, and interfaced to the PC via the DSP-board connector.
The /DATABIT from the DSPLINK output is transferred to the Q input of the first D-flip-flop under timing control of /IOE, and again transferred to the second D-flip-flop under precise timing control by the latch to the ADC sampling clock. Thereby the ADC sampling is locked to be exactly an integer 64 times per period of the excitation and with a negligible timing jitter.
An analogue output used for the noise spectral analysis described below is derived directly from the voltage across the R f eedback resistor. The feedback resistor and the compensation coil were interchanged in order to have one side of the resistor grounded, and for filtering it was shunted by 0.22 µF giving the combined circuit a low pass cut-off at about 100 Hz, which is comfortably larger than the 10 Hz noise bandwidth used below.
The detection and control algorithms
In this project two different approaches have been used in implementing the input filter algorithm-one with a very simple box-shaped cross-correlation reference, and another where the filter coefficients (mirroring the reference curve) are obtained from one excitation period of the sensor signal shown in figure 4 (top), by removing the DC component and by making the two half-periods identical, as suggested by Primdahl et al (1994) . The box-shaped reference was included because the implementation is extremely simple, and by matching the width of the boxes to maximum crosscorrelation with the B field signal it performed excellently.
The cross-correlation function R xr (k) between two digital signals x(n) and r(n) is defined as:
where N is the length of the considered window and equal to one excitation period. If the input signal is periodic, then the correlation is also a periodic function of time, and if the window N exactly matches the period, then the crosscorrelation estimators R xr (k) approaches the actual integral limit values for the continuous functions sampled by x(k) and r(k).
In the time domain equation (1) is seen to be a series of multiplications followed by a summation. This is generally known as a time-convolution or filtering, and it may be implemented as a finite impulse response (FIR) filter without feedback (no zeros), which is always stable. The filter coefficients a p must then match the B field sensitive part of the signal in figure 4 (top) (or the box-shaped reference), and the filter is then implemented according to the following expression:
where x(n) is the input to the filter, and each output value y(n) represents a weighted average of the preceding N samples of the input. As indicated above N = 64 is used here. Expression (2) is normally realized as a 'Direct Form 2' representation (reduced number of stored values compared to 'Direct Form 1') solely working with: (a) unit delay, (b) multiplication, (c) addition and (d) simple branch (cf the processor board manuals). Some characteristic differences exist between the filters based on the simple box-reference and on the actual B field signal. Fourier spectra of both show zeros at the excitation frequency and at all its odd harmonics. The chosen box-reference has slightly different even harmonic spectral weights from those of the B signal reference, and it has additional zeros at the 8th, 16th, etc, harmonics. However, this seems not to have any great influence on the performance but will be the subject of a future investigation. Figure 6 shows a graphical representation of the filter output or the cross-correlation function for two excitation periods numbered (i) and (i-1). Every single one of the 64 points of the cross-correlation function represents a crosscorrelation by equation (2) between the filter coefficients and the 64 preceding input signal samples, and assuming a constant external field the periodic change is caused by the periodic phase change of the input signal relative to the reference. The average external B field is supposed to have changed from period (i) to period (i-1), as reflected by the different amplitudes of the cross-correlation functions. Figure 6 also explains the detection pattern. The extremum value of the cross-correlation function occurs every time the input signal and the reference function are in phase, which happens twice every excitation period at precisely predictable times. The two extreme values are sampled once every excitation period, added, multiplied by an amplification factor A m , and carried as an update to the summing integrator register, which in turn controls the DAC feedback output. The situation in figure 6 illustrates the response to a B field in one direction along the fluxgate sensor axis. Inverting the external B field results in a mirroring of the filter output about the time axis.
Being only 32 samples apart, the two averages have a statistical overlap of about 50%.
The integrator in the traditional analogue circuit is replaced by a summing register being updated once per excitation period by the selected samples from the crosscorrelation function and multiplied by the amplification factor A m , as explained above. The final upper 3 dB frequency of the magnetometer feedback loop transfer function (100 Hz) is so much smaller than the excitation frequency that the delay and the discrete steps of the integrator can be ignored. The basic digital integrator time constant is equal to the update interval, which is the excitation period of 457 µs.
Overall magnetometer frequency response
The digital feedback loop is equivalent to a firstorder inherently stable analogue loop, and the overall magnetometer frequency response is determined by the total loop gain. The integrator time constant and the gains from the input magnetic field to the ADC output bits, and from the output bits to the DAC and to the compensation magnetic field of the feedback coil are given above. The loop gain also contains the fixed FIR filter gain and the amplification factor A m , which is used to adjust the overall instrument response to 100 Hz during the 10 Hz noise bandwidth measurements reported below. The open loop response of the magnetometer approaches half the excitation frequency according to the Nyqvist theorem, when the FIR filter coefficients correspond to one excitation period. The broad band noise will of course in this case be larger than the 10 Hz bandwidth noise.
Noise spectral density
The noise of the amorphous metal 17 mm diameter ring cores developed for the Earth's field mapping Ørsted magnetometer, and used here for the digital magnetometer, is generally found to be in the proximity of 10-20 pT rms in 10 Hz bandwidth (Nielsen et al 1995) . With the sensor inside a six-layer mu-metal magnetic shield the Ørsted instrument shows about 50-60 pT rms noise in about 10 Hz bandwidth.
The digital feedback loop fluxgate output noise was measured by connecting the (100 Hz) filtered analogue output voltage across the feedback resistor, as described above, to the input of a digital 1 mHz-100 kHz averaging FFT analyser. The noise ranged from 70 pT rms to 80 pT rms depending on the feedback resistor in the band 0.25 Hz to 10 Hz. Figure 7 shows one example of the noise of a ±52 µT full scale range instrument giving 71 pT rms in 0.25-10 Hz bandwidth.
As for the analogue Ørsted instrument the noise of the digital instrument seems limited by the electronic circuits rather than by the sensor noise proper. Generally a ratio of about −123 dB for the digital instrument exists between the rms noise and the full scale range, which indicates that the DAC and the feedback circuit should be investigated for future improvements.
Discussion and conclusions
The feasibility of constructing a full Earth's field digital feedback loop fluxgate magnetometer has been successfully demonstrated. The frequency response and the output noise compare well with those of the Earth's field mapping Ørsted analogue magnetometer, but the output noise is still larger than the open loop sensor noise. The existence of a constant ratio between output full scale range and noise level points to the DAC and the feedback circuit as the dominant limiting factors. Other circuit noise sources not yet seen may of course exist, and these are the subject of future investigations.
Of equal importance to a full Earth's field magnetometer is the stability of the zero level over time and over a temperature range.
Here the introduction of digital algorithms replacing analogue circuits certainly will decrease error sources such as offset in the integrator circuit and the odd harmonics sensitivity of the even harmonics phase detector. Other shortcomings of the analogue circuits exist, which may be removed or minimized by digital techniques.
The implementation of extensive instrument autonomy is important for space instruments and for remote instrumentation. A digital instrument is far more adaptable to redundancy, autonomous response to external changes, and to fault detection and corrective actions. Self calibration and automatic correction for linearity errors and temperature changes are obvious new features for implementation.
In conclusion we believe that the success of this instrument, and of that of Auster et al (1995) , has opened a new promising route for the development of the classical fluxgate principle into a still more reliable instrument approaching the absolute accuracy and resolution of scalar instruments.
